everal methods of measuring the migration of the femoral component after total hip replacement have been described, but they use different reference lines, and have differing accuracies, some unproven. Statistical comparison of different studies is rarely possible.
urement are needed. Several radiological techniques have been developed, but have different reference lines with varying accuracy. Some authors have measured from the greater trochanter, or a graphic reconstruction based on it, to a second reference point such as the centre of the head, 4 ,5 a lateral point on the collar 3 or the proximal end of the stem. 6 Others have used reference lines between the lesser trochanter, the lowest margin of the collar, 5 the distal tip of the stem, 7 or the centre of the head. 8 Malchau et al 9 have compared four different reference lines.
The accuracy of these methods differs. Sutherland et al 5 considered that a change in position of the femoral component of over 5 mm was needed to prove migration, while others using roentgen stereophotogrammetric analysis (RSA) reported an accuracy of about 0.2 mm for subsidence. [10] [11] [12] [13] [14] [15] Ilchman et al 16 compared four different radiological methods for migration of the acetabular component with the proven accuracy of RSA. Krismer et al 17 compared results from pairs of radiographs taken within one month, assuming that migration was unlikely within such a short period in apparently stable prostheses. Wetherell, Amis and Heatley, 18 using radiographs, determined the accuracy of reference lines of three dried pelvic specimens in different positions of rotation and tilt. Krismer et al 19 determined the accuracy analysing implausible results such as the upward migration of femoral components or the downward migration of cups. Walker et al 3 calculated the maximum error for changes in femoral orientation and confirmed these in an experimental analysis. The EBRA method (in German: Einzel-Bild-Röntgen-Analyse) of measuring migration has 1 mm confidence limits for acetabular components, using pairs of conventional comparable radiographs. 17 The principles of the EBRA method have now been adapted to measure migration of the femoral component from standard radiographs; the method is known as EBRA-FCA (femoral component analysis).
We aimed to identify the most appropriate reference points and lines and to determine the accuracy of EBRA-FCA using at least three independent methods.
Methods
Data collection and analysis. The EBRA-FCA method can be applied to marked reference points on plain or scanned radiographs. For plain films, we used a digitiser and digitising table linked to an IBM-compatible computer. Data on the radius of the femoral head are used in the graphic program to correct for magnification. The radiographs are marked with reference lines based on an axis through the femoral component from which 19 reference points are entered for the femur and the prosthesis (points 1 to 19 on Fig. 1 ). The femoral axis is the midline of two tangents drawn between the points A, B, C and D shown in Figure 1 on the outline contour of the shaft.
For measurement of subsidence the most important reference points are shown by black circles in Figure 1 and are: a) the centre of the head, calculated from reference points 1 to 7; b) the intersection of the axis and the shoulder of the prosthesis (reference point 19); c) the intersection of two defined tangents on the lesser trochanter (reference point 12) (these are drawn in relation to the stem axis, using a choice of angles); and d) the intersection of the axis and a tangent to the most prominent point of the greater trochanter (reference point 8).
From these points and the distances between them a computer file is created which contains all necessary data for the analysis. The EBRA-FCA program then provides information about subsidence, the medial and lateral distances between the prosthesis and the bone margins, the angle between bone and stem, and the magnification in relation to head size and stem length.
There is a choice of four different reference lines (a,b,c,d) for the measurement of migration as shown in Figure 2 . Comparability of radiographs. The EBRA-FCA method uses three parameters to assess the comparability of pairs of radiographs (Fig. 3) , and accepts only pairs within chosen limits. The result for each is then weighted according to the comparability parameters. The final value for all acceptable radiographs in a series is then calculated from the individual results (Fig. 4) . The accuracy of EBRA-FCA We evaluated the accuracy of four different reference lines, using three methods, and a computer-assisted design (CAD) simulation. Pairs of radiographs taken within one month. We assumed that migration of apparently stable stems did not occur in such a short period. We analysed our data for 33 pairs of radiographs of stable implants, and regarded any migration as showing error in measurement. 
Apparent upward migration.
We assumed that true upward migration cannot occur and that results which showed this were due to the inaccuracy of the method. We studied 1163 radiographs taken for a separate study of 59 cemented Müller and 58 non-cemented porous-coated anatomic stems with a mean observation period of 96 months, measuring an average of ten radiographs in each individual series. Data were obtained from the EBRA-FCA input program and used to evaluate statistically the value of the four reference lines and the limits of comparability for migration of 2, 3 and 4 mm, all in relation to the type of femoral component. We then used ANOVA, with the Tukey test for multiple comparisons, to examine differences between reference lines, limits of comparability and stem type for upward migration, the result which best indicated the inaccuracy of the method. Significance levels were set at 0.05.
Comparison with RSA. For the third method of assessing accuracy, we studied eight series of RSA compatible radiographs by the EBRA-FCA method, using four observers and limits of comparability of 3 and 4 mm. These results were compared with the RSA data, disregarding any RSA error. Each of the eight series included radiographs taken postoperatively after six weeks and at 3, 6, 12, 18 and 24 months. All data were obtained independently and blinded; they were later put together for statistical analysis. The RSA figures were provided by different observers in another institution. Since pairs of radiographs which were not comparable by the EBRA-FCA program were excluded, 15% of the EBRA information on migration data for a period of at least 18 months was not available. Therefore partial migration was determined between successive comparable radiographs.
In a second investigation we compared the total migration within the maximum usable observation time of the EBRA-FCA results with the information from RSA over the same periods. Interobserver variation. The four independent investigators were one trainee and three experienced observers. We compared their migration results for each series at the periods listed above with limits of comparability of 3 and 4 mm, using Cronbach's coefficient alpha to estimate the reliability of the proportion of the observed variance due to true differences among measurements. This assesses the internal consistency between sets of measurements, and values of Cronbach alpha greater than 0.75 indicate good reliability. CAD simulation. We also studied the errors in measurements of subsidence from standard anteroposterior radiographs of the pelvis or hip due to femoral rotation and flexion by simulating radiological exposures with CAD. We used an Auto CAD 13 system (Autodesk AG, Basel, Switzerland) which allowed the whole model of the femoral component to be rotated longitudinally (internal/external rotation) and about a transverse axis (flexion/extension). The system displayed all different states of rotation simultaneously using a perspective projection to simulate radiography (Fig. 5 ). We could also use different settings for the central beam and focus-to-film distance for pelvic and hip radiographs.
For this study we did not use the comparability strategy of EBRA since any correction based on similarity of images could only improve the results. It was therefore a worst-case study for from 5° internal to 20° external rotation and from 5° extension to 20° flexion. 
Results
The accuracy of EBRA-FCA Comparison within one month. For the 33 pairs of radiographs the maximum migration for the best measurement of the greater trochanter to the stem shoulder was +2.5 mm and -2.6 mm respectively, but only nine (27%) of the pairs were comparable in the EBRA-FCA graphic program with a comparability limit of 4 mm. For the nine comparable pairs the range was -1.1 to +0.8 mm (Fig. 6 ). For series with more than two radiographs, the number and proportion of comparable pairs will be greater. Apparent upward migration. Using the best reference distance for migration, from the greater trochanter to stem shoulder, the mean apparent upward migration was 0.24 mm (Fig. 7) . ANOVA and Tukey testing confirmed that the reference distance between the greater trochanter and stem shoulder gave the best accuracy with 95% percentiles of 0.9 mm. By contrast, we found no significant difference between the two types of femoral component, or in the use of different limits of comparability.
Comparison with RSA. The maximum and minimum mean differences for all four observers are compared with the RSA data in Figure 8 . In the series with a minimum observation of 18 months the 95% percentiles of differences between EBRA-FCA and RSA were ±1.6 mm with an interquartile range of +1.0 to -0.3 mm. The three experienced EBRA-FCA observers had better results with 95% percentiles between +1.5 and -1. Summary of the results for each of the four reference lines showing apparent upward migration in 996 diagrams as medians, interquartile ranges and 95% percentiles (Kruskal-Wallis one-way ANOVA, p<0.001 for the difference between MS and all others). Note that the order of reference line is different in Figures 6 and 7. ranges between +0.9 and -0.3 mm. Figure 9 shows that EBRA-FCA tends to underestimate migration, as demonstrated by the mean values, all between +0.45 and +0.5 mm. All the RSA results showed migration of over 1 mm (1.4 to 4.3; median 2.3). We therefore examined the EBRA-FCA results of all four observers in the detection of migration of over 1 mm, compared with RSA data of the same period. Table I shows that EBRA-FCA detected migration of over 1 mm with a specificity of 100% and a sensitivity of 78%, giving a positive predictive value of 100% since all such migration found with EBRA-FCA was shown by RSA. Interobserver variation. The median differences between observers for absolute values ranged from 0.2 mm and 0.33 mm, using a 3 mm limit of comparability. With a limit of 4 mm the median differences were between 0.21 and 0.34 mm. The 95% percentiles differed by less than 0.74 mm for a 3 mm limit and 0.87 mm for 4 mm.
The interobserver reliability of results at 24 months was 0.84 with Cronbach's alpha, a very good correlation. CAD simulation. Table II shows that the best results were for markers at the greater trochanter and the stem shoulder (Fig. 5) . The coned hip radiographs gave slightly better results than the pelvic films (Table II) Differences in migration shown by EBRA-FCA and by RSA for pairs of successive radiographs, calculated using absolute values. The darker grey blocks were from 32 cases using a 3 mm EBRA limit, and the lighter ones derived from a 4 mm limit. The median differences, interquartile and 95% percentile ranges are shown as in Figures 6 and 7 . Fig. 9 Frequency curve for the differences in measurement of migration between RSA and EBRA-FCA for 3 mm and 4 mm comparability limits. Subsidence is the RSA result in mm minus the EBRA-FCA results in mm (n = 27 for each comparability limit). Table II . The maximum changes in mm for the four reference lines in a CAD simulation of -5° to 20° movement in both rotation and flexion/ extension for the AP pelvic and hip radiographs. These are also shown in Figure 5 .
Reference point Greater trochanter Lesser trochanter
Shoulder 13 0.0 9.5 11.6 Centre of head 3.3 1.4 11. 8 11.3 trochanter near the shoulder of the prosthesis was the best landmark for the measurement of subsidence. This finding was confirmed with high significance in another two of our independent studies, thus confirming our choice of the reference line between the greater trochanter and the stem shoulder for the measurement of migration by the EBRA-FCA method. 17 used a similar experimental method to determine the accuracy of the EBRA method, finding a 95% confidence limit for error of between 0.1 and 0.25 mm, but considered that error to be underestimated by this type of experiment. Another two methods were used to check the results, and both revealed considerably worse accuracy. 17 To test the accuracy of EBRA-FCA we used three independent analyses. Two showed accuracy better than 1 mm but the third, a comparison with RSA, was less accurate. We therefore assumed an accuracy of 1.5 mm for our method.
We found that accuracy decreased with a long observation period, and was better by measurement of partial migration for successive comparable radiographs. The use of comparable radiographs increases accuracy in one respect, but also leads to an underestimate of about 0.5 mm by smoothing the true migration curve. Migration, loosening and failure. The rate of migration which is regarded as significant differs considerably; many authors relate this directly to the accuracy of their method.
Sutherland et al, 5 correcting for magnification, used change in position of the stem of over 5 mm relative to the bone. Walker et al 3 reported migration of less than 2 mm after two years in 76% of successful stems, with more than 2 mm in 84% of failed stems. Freeman and Plante-Bordeneuve 1 found a specificity of 86% and a sensitivity of 78%
for later failure using a threshold migration of 1.2 mm per year. Kärrholm et al, 21 studying the Lubinus prosthesis, found that at two years subsidence of more than 1.2 mm gave a probability of revision of 50% and of over 2.6 mm of 95%. The significance of migration rate also varies with the type of femoral component. For one non-coated ribbed model, migration was reported to average 1.06 mm after two years. 22 Nistor et al 13 found a mean migration of 1.01 mm after six months, and 2.44 mm after three years. We consider that EBRA-FCA has a specificity of 100% to detect real migration of more than 1 mm. It is accurate enough to assess the stability of prostheses within a relatively limited period and to detect migration of prognostic significance.
The most accurate measurement for the migration of femoral components is between the greater trochanter and the shoulder of the stem. Three different analyses show that the accuracy of EBRA-FCA is -1.1 to +0.8 mm for the maximum range, with a 95% percentile of +1.5 to -1.2 mm. An accuracy of better than +1.5 mm can therefore be assumed. Migration of over 1 mm can be found by EBRA-FCA with a specificity of 100% and a sensitivity of 78%.
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